Through the production and export of their calcite coccoliths, coccolithophores form a key 24 component of the global carbon cycle. Despite this key role, very little is known about the 25 biogeochemical role of different coccolithophore species in terms of calcite production, and 26 how these species will respond to future climate change and ocean acidification. Here we 27 present the first study to determine species-specific calcite production, from samples 28 collected in the Arctic Ocean and subarctic Iceland Basin in June 2012. We show that 29 although the coccolithophorid Coccolithus pelagicus comprised only a small fraction of the 30 total community in terms of abundance (2 %), it was the major calcite producer in the Arctic 31
Abstract 23
Through the production and export of their calcite coccoliths, coccolithophores form a key 24 component of the global carbon cycle. Despite this key role, very little is known about the 25 biogeochemical role of different coccolithophore species in terms of calcite production, and 26 how these species will respond to future climate change and ocean acidification. Here we 27 present the first study to determine species-specific calcite production, from samples 28 collected in the Arctic Ocean and subarctic Iceland Basin in June 2012. We show that 29 although the coccolithophorid Coccolithus pelagicus comprised only a small fraction of the 30 total community in terms of abundance (2 %), it was the major calcite producer in the Arctic 31
Ocean and Iceland Basin (57 % of total calcite production). In contrast, Emiliania huxleyi 32 formed 27 % of the total abundance and was responsible for only 20 % of the calcite 33 production. That C. pelagicus was able to dominate calcite production was due to its 34 relatively high cellular calcite content compared with the other species present. Our results 35 respond to environmental changes, and to assess the relative biogeochemical importance of 75 different coccolithophore species, field studies considering the whole coccolithophore 76 community are required. 77
The effect of anthropogenic CO2 emissions on the Arctic Ocean is expected to be among the 78 largest and most rapid of any region on the globe (ACIA 2004), with the Arctic already 79 experiencing rapid warming (ACIA 2004). Ocean acidification is also expected to be 80 particularly enhanced at high latitudes because of the increased solubility of CO2 at low 81 temperatures. Within the Nordic Seas (Greenland Sea and Norwegian Sea) of the Arctic 82
Ocean large natural gradients of environmental variables such as temperature and carbonate 83 chemistry already exist; in the west, the East-Greenland Current transports cold (< 0 °C) 84 Polar Water southwards through the Greenland Sea ( Fig. 1) , while in the east the Norwegian 85 Current carries relatively warm (6 -10 °C) Atlantic water into the Norwegian Sea 86 (Johannessen 1986) . 87
Coccolithophores are a key phytoplankton group within the Greenland and Norwegian Sea 88 (Samtleben & Schröder 1992 are limited to Atlantic surface waters. In contrast, coccolithophore diversity is lower in the 95 Greenland Sea (Samtleben & Schröder 1992) ; C. pelagicus is commonly observed along with 96 other polar species (e.g. Papposphaera spp.). The contrast in coccolithophore community 97 structure and diversity, coupled with the strong natural environmental gradients of the 98 Greenland and Norwegian Seas, means that this region is an ideal location to examine the 99 influence of both the environment and the coccolithophore community structure on calcite 100 production. 101
The aim of this study was to determine whether E. huxleyi was the major calcite producer in 102 the Arctic Ocean, and if not, which coccolithophore species were. As only total community 103 calcite production (CP) can be measured from mixed communities (e.g. Charalampopoulou et 104 al. 2011 ), a novel method was developed to determine species-specific 105 calcite production (CPsp) for each individual coccolithophore species. This method 106 incorporates species-specific cellular calcite, growth rates and abundances to partition CP. 107 This is the first study to determine the calcite production rates of individual coccolithophore 108 species within a natural multi-species community. Here we present results from 19 stations 109 within the Arctic Ocean and the subarctic Iceland Basin (Fig. 1) ; calcite production (CP), 110 coccolithophore cellular abundances, carbonate chemistry parameters and other 111 environmental variables were measured, and CPsp derived for each station. 112
Methods 113
Sampling 114
Sampling was carried out in the subarctic Iceland Basin, and the Greenland and Norwegian 115 Seas within the Arctic Ocean (Fig. 1 Coccolithophore cell counts and species identification were performed using a Leitz Ortholux 154 polarizing microscope (x1000, oil immersion). A minimum of 54 fields of view were counted 155 per filter for abundant species, with additional fields of view analysed for rarer species. The 156 light microscopy species identification and enumeration were verified and supplemented 157 using scanning electron microscopy (SEM) following Daniels et al. (2012) . 158
Species-specific calcite production 159
The equation to determine species-specific calcite production (CPsp) was adapted from 160 Daniels et al. (2014) . CPsp is calculated as a product of the growth rate (μ), cellular calcite 161 content (C) and abundance (N) of each species present (Eqn. 1). Species-specific calcite 162 content was estimated from SEM images by combining derived estimates of coccolith calcite 163 (Young & Ziveri 2000) with the number of coccoliths per cell ( 
Species-specific growth rates cannot be directly determined from the measurements we made. 172
However we can use relative growth rates to determine the fraction of calcite production per 173 species, and multiply this by the measured total CP to obtain CPsp (Eqn. 1). Initially we have 174 made the simplifying assumption that all coccolithophores have the same growth rate as there 175 is little data on relative growth rates of coccolithophores in the field or from laboratory 176 experiments (Daniels et al. 2014 , Daniels et al. 2015 . The influence of variable growth rates 177 for different species on the estimates of CPsp will be examined in the discussion. The effect of this on daily PAR is not clear, suggesting a stronger influence through varying 239 cloud cover. Values of pHT varied from 8.07 to 8.29 and ΩC varied from 2.65 to 4.46, with 240 the low ΩC particularly in the Greenland Sea. 241
Coccolithophore community structure 242
Total coccolithophore abundance was highly variable, ranging from 5 to 932 cells mL -1 . The 243 most commonly observed coccolithophore species were Emiliania huxleyi (0 -425 cells mL -244 1 ), Coccolithus pelagicus (0 -33 cells mL -1 ) and the holococcolithophorid (HOL) life stage 245
of Coccolithus pelagicus (0 -223 cells mL -1 ) (Fig. 2) . 246
Other species present included Acanthoica quattrospina, Algirosphaera robusta, 247
Calciopappus caudatus, Ophiaster sp. and Syracosphaera spp. Table S1 ). Emiliania huxleyi was most abundant in the Iceland Basin 258 and Norwegian Sea, C. pelagicus HOL was present in the highest latitude stations, while 259
Syracosphaera spp. were restricted to the Iceland Basin. 260
To account for the large variability in coccolithophore abundances between stations, the 261 stations were grouped into the three distinct regions (Iceland Basin, Greenland Sea and 262 Norwegian Sea, Fig. 1 , Table S2 ), as defined from the characteristic hydrography of each 263 station. Coccolithophore abundances, aggregated over these regions, and over the entire study 264 area ( 
Species-specific calcite production 272
The total community calcite production was highly variable throughout the study (from 2 to 273 202 μmol C m -3 d -1 ), with rates similar to those measured previously in the North Sea and the Considering the percentage calcite production of each species on a per station basis however 290 does not account for the high variability in the measured total calcite production. 291
Incorporating total calcite production and aggregating over the three regions and the entire 292 cruise reveals that C. pelagicus was the major calcifier, responsible for 57 % of the total 293 calcite production ( Fig. 3B) , with a higher contribution in the Nordic Seas (59 -61 %) than 294 in the Iceland Basin (44 %). In contrast, E. huxleyi represented only 20 % of the total calcite 295 production ( Fig. 3B) , with a much smaller contribution in the Greenland Sea (6 %) than in the 296 Norwegian Sea (26 %) and Iceland Basin (25 %). Coccolithus pelagicus HOL was a 297 significant calcite producer in the Greenland Sea (28 %), but less so in the other regions, 298 resulting in a total contribution of only 12 % (Fig. 3B) . The contribution of the other species 299 to calcite production was greatest in the Iceland Basin (29 %), of which Syracosphaera spp. 300 (19 %) and C. caudatus (7 %) were the major calcifiers. In the Arctic, C. caudatus (2 -5 %) 301 and A. robusta (0 -7 %) were the largest calcite producers of the other coccolithophore 302 species present. 303
Coccolithophore species composition, CPsp and environmental variables 304
In order to explore the relationship between the environmental variables and the species 305 composition of the coccolithophore community and their contribution to CPsp, a PCA was 306 carried out using normalised environmental variables (temperature, salinity, ΩC, pH, N*, Si*, 307 daily PAR and Zeup). Eigenvalues from the PCA (Table 5 ) indicate the relative weight of the environmental 312 variables in influencing each of the PCs. Pearson moment correlations showed that PC-1 was 313 strongly related to ΩC, pH and Si* and Zeup while PC-2 was related to temperature, salinity 314 and N* (Table 5 ). Correlated with latitude (r = 0.68, p < 0.005, n = 19), PC-2 essentially 315 describes the north-south environmental gradient, with warmer, more saline and high N* 316 waters in the south. Correlations between PCs, coccolithophore composition and CPsp found 317 significant correlations (p < 0.005) between PC-1 and the contribution of E. huxleyi and C. 318 pelagicus HOL to species composition, and between PC-1 and the percentage contribution to 319
CPsp by E. huxleyi (p < 0.005) and C. pelagicus HOL (p < 0.05). PC-2 was significantly 320 correlated (p < 0.005) with the composition and percentage contribution to CPsp of 321 Syracosphaera spp., A. quattrospina and Ophiaster sp. These species were found only in the 322 Iceland Basin samples, further demonstrating the link between PC-2 and the north-south 323 environmental gradient. 324
To visualise the multivariate patterns in similarity between the individual stations in terms of 325 community composition, non-metric multi-dimensional scaling (NMDS) analysis was applied 326 to both species composition data ( Fig. 6A) and CPsp (Fig. 6B) . The stress values of the 2-327 dimensional NMDS plots were low (< 0.08), thus indicating that they are a good 328 representation of the high-dimensional patterns (Clarke 1993) . The NMDS plots reveal 329 different patterns of similarity between the stations whether species composition or CPsp are 330 considered. To examine the underlying factors driving the similarity between stations, 331 individual species contributions to community composition ( Fig. 6B-D) and CPsp (Fig. 6F-H 
where overlaid on to the NMDS plots. In terms of species composition, the spatial pattern 333 was generally explained by the contributions of E. huxleyi (Fig. 6B) contrasted that of species composition (Fig. 6E) , being influenced by E. huxleyi (Fig. 6F) , C. 345 pelagicus (Fig. 6G ) and C. pelagicus HOL (Fig. 6H ). The Greenland Sea stations did not 346 cluster separately in this case, as they did for analysis of their coccolithophore community 347 composition; SIMPER analysis found that that the hydrographic regions were more similar in 348 terms of CPsp (average dissimilarity < 71 %) than in terms of species composition. 349
To determine which environmental variables best explain the patterns in species composition 350 and CPsp, Spearman's rank correlations (rs) were calculated between resemblance matrices of 351 abiotic and biotic data (Clarke 1993 ). The variability in species composition between stations 352 was best explained by temperature, ΩC, and N* (rs = 0.55, p < 0.01, Table 6 ), while the single 353 variable that explained most of the variability was ΩC (rs = 0.55, p < 0.01). The variability in 354
CPsp was best correlated with ΩC (Table 6 ) though the relationship was slightly weaker (rs = 355 0.37 p < 0.01) than for species composition. 356
Discussion 357

Coccolithus pelagicus as a key calcifier 358
Calculating CPsp reveals that C. pelagicus is the major calcifier in this Arctic study, 359 responsible for 57 % of the calcite production in the Arctic Ocean and sub-polar Iceland 360
Basin, despite forming only 2 % of the total coccolithophore community abundance (Fig. 3) . 361
The influence of C. pelagicus on calcite production is further confirmed by a significant 362 correlation between C. pelagicus abundance and total calcite production (r = 0.55, p < 0.02, n 363 = 19); no other species correlated significantly with total calcite production. That C. 364 pelagicus is able to dominate calcite production at such low relative abundances is due to its 365 significantly higher cellular calcite quota compared to the rest of the coccolithophore species 366 present in the community (Table 1) . This potential to dominate community calcite production 367 has been previously identified in a simplified two species model of C. pelagicus and E. 368
huxleyi (Daniels et al. 2014) . Although the natural communities in our samples are more 369 complex and species-rich, C. pelagicus still has at least a 20 fold greater cellular calcite quota 370 than the rest of the community (Table 1) . Thus, when present C. pelagicus usually dominates 371 coccolithophore calcite production. 372
The dominance of C. pelagicus in our study is not dependent on any single station. To test the influence of these assumptions on species-specific calcite production, the growth 420 rates of the three main calcifiers, E. huxleyi (Fig. 7A) , C. pelagicus (Fig. 7B) , and C. 421 pelagicus HOL (Fig. 7C) were independently varied relative to the community growth rate, 422 such that they had a growth rate between 10 and 200 % relative to the community. This is a 423 similar approach to that used in Daniels et al. (2014) where growth rates and cellular calcite 424 contents of C. pelagicus were varied to demonstrate that C. pelagicus was of potential 425 biogeochemical importance when growing significantly slower and/or at lower relative 426 abundances. In the resulting scenarios of our Arctic analysis, C. pelagicus remains the major 427 calcifier except when its relative growth rate was less than 15 % of the rest of the community 428 ( Fig. 7B) . In a further perturbation of the community, the relative growth rate of E. huxleyi 429 was increased to 200 % before varying the relative growth rate of C. pelagicus. In this 430 scenario, C. pelagicus did not dominate calcite production with a growth rate less than 30 % 431 of the total community growth rate. Even in this extreme and potentially unrealistic scenario, 432 C. pelagicus remained a significant single species calcifier (> 20 %). Although these 433 scenarios demonstrate the potential influence of variable growth rates on CPsp, and that 434 further research is required to constrain both cellular calcite quotas and coccolithophore 435 growth rates, C. pelagicus remained the dominant calcifier in the Arctic Ocean in all but the 436 most extreme scenarios. 437
How does Coccolithus pelagicus dominate Arctic community CP? 438
It is well established that C. pelagicus is commonly found in the Arctic Ocean pelagicus is a disproportionately larger contributor to calcite production than abundance is 443 due to the significantly higher cellular calcite content of C. pelagicus than other 444 coccolithophore species. However, how is it able to dominate calcite production -is it due to 445 the absence of E. huxleyi or is it due to C. pelagicus being present in relatively high enough 446 cellular abundances? Furthermore, what environmental characteristics determine these two 447
factors? 448
To examine these competing factors we can compare and contrast the compositional analysis 449 based on species composition in terms of cell abundances and in terms of species-specific 450 calcite production. The NMDS plots of species composition show that the relative abundance 451 of E. huxleyi in the community is a major driver of the variability in species composition 452 between stations (Fig. 6B ), whereas C. pelagicus has little influence (Fig. 6C ). This is due to 453 C. pelagicus being present in all most all samples but forming only a small fraction of the 454 community. In contrast, E. huxleyi numerically dominates at some stations, but is totally 455 absent from others (Table 3 ). This would suggest that as C. pelagicus dominates calcite 456 production at stations where E. huxleyi is present and absent, it is the relative abundance of C. 457 pelagicus that allows it to dominate calcite production. 458
The pattern in the NMDS plots of CPsp however, with E. huxleyi (Fig. 6F) and C. pelagicus 459 ( Fig. 6G ) both strongly influencing variability in CPsp, suggest that C. pelagicus is 460 responsible for a greater proportion of calcite production when the contribution of E. huxleyi 461 is low. The difference between species composition and species contribution to calcite 462 production between stations suggest that the dominance of C. pelagicus in terms of 463 calcification is a combination of both the relative abundance of C. pelagicus compared to all 464 other species of coccolithophore, and the relative absence of E. huxleyi, particularly from 465 stations within the Greenland Sea (Fig. 6 ). Therefore species composition has a significant 466 impact on calcite production and which species dominate calcification in the Arctic Ocean. 467 In terms of understanding variability in calcite production in the Arctic Ocean, it is then and N* as the environmental variables that could best explain species composition (Table 6) . which was related to temperature (r = 0.87, p < 0.005, n = 19) and N* (r = 0.83, p < 0.005, n 487 = 19), and correlated with latitude (r = 0.68, p < 0.005, n = 19), correlated with those species 488 found only in the Iceland Basin (Syracosphaera spp., A. quattrospina and Ophiaster sp.), 489 further confirms the role of temperature in influencing species composition. However, 490 temperature did not significantly affect CPsp, with ΩC alone best explaining the contribution 491 of species to CPsp. Those species limited only to the Iceland Basin, thus strongly influenced 492 by temperature, were relatively minor contributors to calcite production (0 -27 %) and had 493 little impact on the variability in CPsp. 494
That both species composition and CPsp were affected by ΩC can be further examined using 495 the results from the PCA: PC-1, which is positively correlated to ΩC (r = 0.92, p < 0.005, n 496 =19), is also positively correlated to the contribution of E. huxleyi to both species 497 composition (r = 0.85, p < 0.005, n =19) and CPsp (r = 0.67, p < 0.005, n =19), but is 498 negatively correlated to the contribution of C. pelagicus HOL to both species composition (r 499 = -0.60, p < 0.01, n =19) and CPsp (r = -0.57, p < 0.05, n =19). This suggests that E. huxleyi 500 represents a smaller fraction of the coccolithophore community in regions of lower saturation 501 state, whereas C. pelagicus HOL represents a higher fraction in these conditions. This could 502 be interpreted to suggest that the expected decline in saturation state in the future would 503 reduce the abundance of E. huxleyi. However, our analysis does not allow us to conclude that 504 ΩC is directly affecting species composition, but rather that within the present day Arctic 505
Ocean, E. huxleyi forms a smaller component of the coccolithophore community in regions of 506 lower ΩC. It should be noted that ΩC was above the saturation point at all stations and that the 507 gradient in saturation state was much lower (2.6 -4.2) than other environmental variables, 508 such as the gradient in temperature (1.0 -10.6 °C) and NOx (0.5 -10.6 mmol N m -3 ). 509
Temperature is recognised to have a significant control on coccolithophore distributions, for 510 example, there is a well recognised 2 °C limit to the range of E. huxleyi (Holligan et al. 511 2010), while C. pelagicus is able to persist in sub-zero temperatures (Braarud 1979) . 512
The relationship between the environment, the coccolithophore community and calcite 513 production is likely to be more complex than presented here; we found no significant 514 environmental influence on total calcite production (p = 0.09), or the contribution of C. 515 pelagicus to species-specific calcite production (p = 0.1), implying that other 516 ecophysiological and environmental interactions exist and may influence species 517 biogeography. Furthermore, correlations of individual environmental variables with 518 abundance and CPsp did not produce any significant results, further demonstrating the 519 complexity of the interaction between coccolithophore abundance, calcite production, and 520 environmental variables . While the influence of some environmental 521 variables (e.g. temperature) on coccolithophore physiology are well established, we are only 522 beginning to get a mechanistic understanding of the influence of carbonate chemistry; for 523 example, calcite production appears dependent on bicarbonate as its primary substrate, and is 524 inhibited by protons , with ΩC not directly affecting calcite formation (Bach 525 2015) . However, we still have very little basic understanding of coccolithophore physiology; 526 for example, until we understand why coccolithophores calcify, and the energetic costs 527 associated with it, we cannot fully understand how cellular calcification will respond to a 528 changing ocean, and the impact this will have on the coccolithophore community in terms of 529 species composition or competitive fitness. 530
Wider Implications 531
Research into the effect of ocean acidification and climate change on coccolithophores has 532 been dominated by studies of E. huxleyi as it is globally abundant and forms large-scale 533 blooms of significant biogeochemical importance (Holligan et al. 1993 , Poulton et al. 2013 . 534
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